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ABSTRACT 

To examine the tumor microregional effects after gemcitabine admin- 
istration to mice, we mapped the location of proliferating and hypoxic cells 
relative to vasculature in human colon cancer xenografts. The S-phase 
marker bromodeoxyuridine was used as a surrogate of drug effect and 
administered 2 hours before tumor excision, whereas vessel position and 
perfusion were assessed via staining for CD31 and intravenous injection of 
carbocyanine, respectively. Hypoxia was detected using pimonidazolc. 
Images of the four markers were overlaid to reveal the spatial relationship 
between proliferation, vasculature, and hypoxia and to examine the mi- 
croregional effects. Within 1 day after administration of 240 mg/kg of 
gemcitahine, proliferation throughout the tumor was completely inhib- 
ited. Over time, a reemergencc of dividing cells occurred in relation to the 
distance from vasculature. Microregional analysis revealed that cells lo- 
cated distal to vasculature commenced cycling sooner than cells located 
proximal to vasculature. A similar trend was seen after multiple doses of 
gemcitabine (40 mg/kg on days 1, 4, 7, and 10). The possibility that the 
effect of gemcitabine could be attributed to changes in oxygenation was 
discounted after examining the vessel perfusion and patterns of hypoxia. 
The effect of gemcitabine was examined in multilaycred cell culture, and 
at doses <30 pmol/L, a gradient in proliferation between the exposed and 
unexposed sides was observed. We show a differential effect on cell 
proliferation in relation to vasculature and conclude that cells distal to 
blood vessels arc less affected by gemcitabine probably because of limited 
penetration. 

INTRODUCTION 

Inefficient delivery of drug from the blood to the cells comprising 
the extravascular compartment of solid tumors could result in cells 
distant from blood vessels receiving subtherapeutic exposures (1). As 
a result, some cells could survive, continue to proliferate, or become 
drug resistant, permitting tumor regrowth. Barriers to penetration in 
tumors include drug metabolism, binding to extracellular components, 
and large intervascular distances (2, 3). The effectiveness of the 
pyrimidine analog gemcitabine could depend, in part, on the extent of 
penetration into the extravascular compartment of the tumor. We 
recently have shown, using SiHa tumor xenografts, that the tumor 
penetration of bromodeoxyuridine (BrdUrd), a bromine analog of the 
nucleoside uridine, is dose dependent (4). 

Gemcitabine (2,2 difluorodeoxycytidine) is a synthetic, fluorinated 
analog of cytidine and structurally related to cytarabine (ara-C) but unlike 
cytarabine is used clinically to manage solid tumors (5-7). The transport 
of gemcitabine into cells occurs via a family of nucleoside transporters 
(NTs), and studies have shown that tumors are resistant to gemcitabine if 
these transporters are not expressed (8). Blocking thymidylate synthase 
also increases the number of equilibrative-sensitive NTs expressed on the 
cell membrane, which can lead to increased gemcitabine sensitivity (9). 
The activity of transported drugs, such as gemcitabine, could be affected 
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if the level of NT expression is altered as a function o f distance from 
vasculature. Once inside the cell, gemcitabine is phosphorylated by 
deoxycytidine kinase and further converted to the diphosphate and 
triphosphate derivatives (6). Gemcitabine diphosphate interacts with 
RNase reductase, depleting the dcoxyribonucleotide stores, and the 
triphosphate form incorporates into DNA and RNA and blocks DNA 
polymerase processing (10-12). 

In vitro and in viva studies have shown a substantial suppression of 
DNA synthesis after gemcitabine administration, but neither micro- 
regional effects relative to vasculature nor the kinetics of such an effect 
have been examined (13-15). Here we use DNA synthesis, via BrdUrd 
incorporation, as a marker of cell proliferation at different times after 
doses of gemcitabine from 20 to 360 mg/kg. Experiments administering 
240 mg/kg showed that following an initial suppression of proliferation, 
the cells far from vasculature, on the border of necrosis, begin to reenter 
S phase 2 to 3 days later, and levels of BrdUrd labeling reached control 
levels far from vasculature 4 days after treatment. Multiple doses of 
gemcitabine (four doses at 40 mg/kg) were given 3 days apart and 
showed similar results, with cells distal to vasculature dividing 2 days 
after the final dose. Global variations in hypoxia and vascular perfusion 
did not occur, indicating tumor oxygenation was not affected. 

To assess the influence of drug penetration and to address the problem 
of cells far from vasculature being quiescent and less intrinsically sensi- 
tive to gemcitabine, tissue penetration experiments were carried out using 
multilaycred cell cultures (MCCs), which model the extravascular com- 
partment of solid tumors (16-18). MCCs consist of discs of tumor tissue, 
typically —200 jam thick, grown from cells seeded on a permeable 
membrane (16, 18). They are similar to multicellular spheroids (19) in 
that they exhibit a gradient in proliferation, but because MCCs grow as 
discs, this gradient forms as a mirror image from either side toward the 
middle. By exposing MCCs to gemcitabine from only one side, drug 
delivery to tissue can be examined independently of other factors. 

MATERIALS AND METHODS 

Cells. HCT-116 human colorectal carcinoma cells were purchased from 
American Type Culture Collection (Manassas, VA). Cells were maintained in 
vitro at 37.5°C with 5% CO,/5% 0 2 in MEM (Life Technologies, Rockville, 
MD) supplemented with 10% fetal bovine serum (Life Technologies). Cells 
were passaged every 3 to 5 days on reaching confluence. 

Mice and Tumors. Female nonobese diabetic/severe combined immuno- 
deficient (NOD/SC1D) mice were bred and maintained in our institutional 
animal facility in accordance with the Canadian Council on Animal Care 
guidelines. The Animal Care Committee of the University of British Columbia 
approved the experiments described in this article. Mice were allowed free 
access to standard laboratory rodent food and water. HCT-1 16 cells (50 \lL of 
1 .6 X 1 0 s cells/mL) were implanted subcutaneously into the sacral region of 
the mice. The mice used were between 8 to 20 weeks of age and ranged in 
weight from 20 to 27 g. The weight of the excised tumors was 60 ± 23 mg 
(mean ± SD). 

Treatment. Mice were treated when their tumor volume reached 100 mm 3 
as measured using calipers and the formula V = tt/6(1 X h X w). Gemcitabine 
was administered intraperitoneally at doses of 20, 40, 80, 160, and 360 mg/kg 
24 hours before tumor excision, at 240 mg/kg and the tumors excised 1, 2, 3, 
4, and 6 days later, or 40 mg/kg on days 1, 4, 7, and 10 and the tumors excised 
on days 9, 12, 14, 16, and 18. All of the mice were administered BrdUrd 
(Sigma Chemical, St. Louis, MO) 2 hours before tumor excision. BrdUrd was 
administered intraperitoneally as a 30-mg/mL solution in saline at 1500 mg/kg. 
Pimonidazole (Hypoxyprobe-1 kit; Chemicon International Inc., Temecula, 



CA) was administered intraperitoneally to some mice 2 hours before tumor 
excision at 60 mg/kg. As a marker of blood vessel perfusion, all of the mice 
were intravenously administered ~75 ixL of 0.6 mg/mL carbocyanine (Mo- 
lecular Probes, Eugene, OR), dissolved in 75% DMSO, 5 minutes before 
sacrifice. After excision, tumors were cooled to -20°C on an aluminum block, 
covered in embedding medium (Tissue-TEK OCT; Sakura Finetek, Torrance, 
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Multilaycrcd Cell Culture. Tissue culture inserts (CM, 12 mm; pore size, 
0.4 (xm; Millipore, Billerica, MA) were coated with 150 ixL collagen (rat tail 
type I; Sigma), dissolved in 0.01 mol/L HC1, diluted 1:4 with 60% EtOH to 
0.75 mg/mL, and allowed to dry overnight. HCT-116 (0.75 X 10 6 cells in 0.5 
mL growth media) then was added to the inserts and incubated for 15 hours to 
allow the cells to attach. The cultures then were incubated for 2 days in a 
custom-built growth vessel to form multilayered cultures -150 fim thick. Each 
growth vessel contained a frame that held the inserts completely immersed in 
130 mL of stirred media (700 rpm and 25-mm stir bar) under continual gassing 
(5% C0 2 , balance air) at 37°C. The MCCs were grown in batches of eight 
cultures of which six were treated with drug and two were kept as untreated 
controls. 

MCC Penetration Assay. MCCs were exposed to gemcitabine from one 
side using a polyacrylate jig designed such that the bottom of each insert was 
clamped against a flat block with a layer of Parafilm (American National Can, 
Chicago, IL) sandwiched between to ensure a complete seal. Each MCC was 
incubated with 7.5 mL stirred media kept under controlled gassing and tem- 
perature. A silicone O-ring was used to seal the gap between the MCC and the 
orifice in the reservoir. Once placed in the jig, MCCs were allowed to 
equilibrate for 45 minutes, and drug then was added to the growth medium at 
concentrations of 3, 10, 30, and 100 /xmol/L. After 1-hour drug exposure, the 
reservoirs were rinsed twice with fresh media. MCCs then were incubated for 
a second hour before removal from the jig to allow initial drug washout from 
the top side only. MCCs then were removed, rinsed in fresh media three times 
for 15 seconds, and placed in a growth vessel containing two untreated control 
MCCs. Media were replaced at 1 and 4 hours following return to the growth 
vessel to reduce residual drug levels. Incubation with control MCCs allowed us 
to rule out the possibility that drug washout into the media from the exposed 
sides of the MCCs was affecting results. MCCs were left for 1 or 3 days from 
the time of drug exposure to allow manifestation of drug effect. Following this, 
100 /xmol/L BrdUrd (Sigma Chemical) were added to the media, and cultures 
were incubated for 4 hours to label S-phase cells. MCCs then were removed, 
frozen in Tissue-TEK OCT medium, and stored at -80°C until sectioning. 

CD31 and Pimonidazole Immunohistochemistry. Tumor eryosections 
( 10 urn thick) were cut with a Cryostar HM560 (Microm International GmbH, 
Walldorf, Germany), air dried for 24 hours, then fixed in a 1:1 mixture of 
acetone-methanol for 10 minutes at room temperature, and blocked with 3% 
H 2 0 2 . Vasculature was stained using a platelet/endothelial cell adhesion 
molecule/CD31 antibody (1:100 dilution: BD PharMingen, San Diego, CA), 
and bound pimonidazole was detected using Hypoxyprobe-1 Mabl (1:50 
Hypoxyprobc-1 kit; Chcmicon International Inc.). An Alcxa 546 goat antirat 
secondary (1:50 dilution; Molecular Probes) was used to detect CD31, and an 
Alexa 488 goat antimouse secondary (1:100 dilution; Molecular Probes) was 
used to detect pimonidazole. Primary antibodies were added together, and the 
secondary antibodies were added separately, all in 2% goat scrum. Slides then 
were mounted with PBS and imaged (see Image Acquisition). 

BrdUrd Immunohistochemistry. After the slides were imaged for vascu- 
lature and pimonidazole (if used), they were rinsed in PBS. placed in distilled 
water for 10 minutes, and then treated with 2 mol/L HC1 at room temperature 
for 1 hour, followed by neutralization for 5 minutes in 0.1 mol/L sodium 
borate. Slides then were washed in distilled water and transferred to a PBS 
bath. Subsequent steps were each followed by a 5-minutc wash in PBS. 
Incorporated BrdUrd was detected using a monoclonal mouse anti-BrdUrd 
(1:200 dilution, clone BU33; Sigma), followed by an antimouse peroxidase 
conjugate antibody (1:100 dilution; Sigma) and a metal enhanced DAB sub- 
strate (1:10 dilution; Pierce, Rockford, IL). Slides then were counterstained 
with hematoxylin, dehydrated, and mounted using Pennount (Fisher Scientific, 
Hampton, NH) before imaging. For the MCCs, eryosections (10 jxm) were air 
dried for 24 hours and then fixed in a 1:1 mixture of acetone-methanol for 10 
minutes at room temperature. Slides were immediately transferred to distilled 
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Image Acquisition. The imaging system consisted of a fluorescence mi- 
croscope (III RS; Zeiss, Oberkochen, Germany), a cooled monochrome charge- 
coupled device video camera (model 4922; Cohu, San Diego, CA), frame 
grabber (Scion, Frederick, MD), a custom-built motorized x-y stage, and 
customized NIH Image software (http://rsb.info.nih.gov/nih-image/) running 
on a G4 Macintosh computer (Apple, Cupertino, CA). The motorized stage 
allowed for tiling of adjacent microscope fields of view. Using this system, 
images of entire tumor sections were captured, typically 25 to 50 mm 2 in size, 
at a resolution of 1 pixcl/ixm 2 . Images of carbocyanine fluorescence within the 
sections were obtained before CD31 immunostaining using a 450- to 480-nm 
excitation filter and a 525-nm long pass emission filter. Once in 
for CD31, slides were imaged under PBS using a 510- to 
filter and a 575- to 640-nm emission filter. Slides stained for pimonidazole 
were imaged under PBS using the same filter set as for carbocyanine. The 
slides then were immunostained for BrdUrd, and bright field images of BrdUrd 
positive staining were obtained. Once the images were acquired, the layers 
were stacked; the CD31 and carbocyanine layers were thresholded; and a 
composite color image was produced with the grayscale BrdUrd/tissue layer. 

Image Analysis. Using the NIH Image software application and user- 
supplied algorithms, images of carbocyanine fluorescence, CD31 fluorescence, 
and BrdUrd/tissue staining from each tumor section were overlaid, and areas 
of necrosis and staining artifacts were removed. For CD3 1 and BrdUrd images, 
by selecting all of the pixels that were 2.5 SD above background levels, 
positive regions were identified. CD31 -positive regions that were <5 u.m 2 in 
size were considered artifacts and removed from the analysis. Measuring the 
distance from each point in the tissue to the nearest CD3 1 -positive pixel and 
noting whether it was BrdUrd positive or negative then determined the relation 
between proliferation and distance to the nearest blood vessel. The data were 
tabulated to determine ihe fraction of BrdUrd-positive pixels of the total 
number of pixels found at each distance to a blood vessel. The traction of 
BrdUrd-positive tissue then was expressed as a fraction of the controls, for 
which the averaged control level was 1 , by dividing the treated values at each 
distance by the value for the average of all of the controls at that distance. The 
fraction of perfused vessels was determined by comparing CD31 and carbo- 
cyanine labeling of vasculature. Raw images for the two stains were first 
thresholded to identify positive staining 5 SD above background. On the CD3 1 
images, positively stained objects then were counted and classified as perfused 
if they were colabeled by carbocyanine (minimum 10% of pixels in each 
object). Objects <5 ixnr in size were ignored. 



RESULTS 

HCT-116 tumor-bearing mice were treated with gemcitabine, and 
the total fraction of BrdUrd labeling was assessed at various times 
after administration. This tumor type was chosen because it exhibits a 
corded structure, with necrosis occurring ~ 1 50 p.m from blood ves- 
sels, which facilitates assessment of microregional effects in relation 
to vasculature. In this tumor, complete cessation of proliferation was 
evident 1 day after administration of gemcitabine at doses ranging 
from 20 to 360 mg/kg, and quantitative analysis showed that overall 
BrdUrd labeling was reduced to <3% of the control levels irrespec- 
tive of dose. We examined the kinetics of this suppression in mice 
administered 240 mg/kg gemcitabine. The initial suppression of pro- 
liferation was followed by a gradual resumption in proliferation 
occurring over 6 days to 66% of the control levels (Fig. \A). Multiple 
doses of gemcitabine, 40 mg/kg administered on days 1, 4, 7, and 10, 
resulted in a similar initial decrease in proliferating cells, followed by 
a return of labeling to 64% of the control levels 8 days after the end 
of dosing (Fig. IB). 

The microregional effects of gemcitabine were analyzed by exam- 
ining composite tumor images and measuring the distance of BrdUrd- 
labeled cells from the vasculature. Examples of small portions from 
composite images and the corresponding analysis of tumors excised 
on various days after 240 mg/kg of gemcitabine are shown in Fig. 2; 
the perivascular staining of carbocyanine is shown as light blue; the 
endothelial cells labeled for CD3 1 are dark blue; and cells incorpo- 
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rating BrdUrd are grayscale. Consistent with our previous studies in 
SiHa xenografts, the analysis of untreated tumors showed division 
throughout the tumor, with a labeling fraction decreasing from —20% 
in cells proximal to vasculature to —10% in cells on the border of 
necrosis distal to vasculature (Fig. 2A; ref. 4). One day after treatment 
with gemcitabine, proliferation halts throughout die tumor, and after 4 
days cell proliferation returns far from vasculature (Fig. 2C). Quan- 
titative analysis of complete tumor images confirms the fraction of 
BrdUrd-labeled cells distal to vasculature returns to control levels at 
a faster rate than those cells proximal to the vasculature (Fig. 2/5). The 
level of BrdUrd labeling 2 days after treatment is <20% of control 
levels for cells within 75 ujn of a blood vessel, and cells distal are 
~50% of the control level. However, by days 4 to 6, the levels of 
proliferation far from vasculature have reached control levels, 
whereas those near vasculature are ~50% of control levels. 

Administering multiple doses of gemcitabine at 40 mg/kg shows a 
similar trend to a single dose by analysis and visually, whereby cells far 
from vasculature are dividing 2 days after ending treatment, and over 
time proliferation slowly returns near vasculature (Fig. 3). Twelve days 
from the first dose of gemcitabine, the cells far from vasculature remain 
at control levels of division, whereas cells near the vasculature have 
<25% labeling. Finally, 18 days after treatment began (8 days after the 
end of treatment), the tumors are returning to control levels of labeling, 
and those cells 75 to 1 50 ^im from vasculature label at control levels, 
whereas those cells near vasculature are at 50% of the control levels. 
Interestingly, tumors excised on day 9, before the final dose of gemcit- 
abine, are similar to those excised on day 12, and the analysis for both 
shows 25% of the labeling of controls near vasculature; however, cells far 
from vasculature label at control levels, indicating cells are cycling distal 
to vasculature before the next dose of gemcitabine is administered. 

To detemiine the effect of gemcitabine on tumor oxygenation, pi- 
monidazole was administered to a subset of mice. Composite images 
showed no apparent change in hypoxia between untreated and treated 
tumors, whereby hypoxia was detected on the edges of necrosis and in 
patches within the tumor distant from vasculature. The controls show no 
division on the edge of the tumor cords or in the pimonidazole-labeled 
region; however, 2 to 3 days after treatment, the cells divide at the edge 
of necrosis and can be seen in the regions labeled with pimonidazole 
(Fig. 4). Vascular perfusion also did not change between treated (73 to 
82 ± 7.3% perfusion) and untreated tumors (75 ± 10% perfusion) nor 
did we observe large areas where entire cords become hypoxic. 

MCCs were used to examine the role of tissue penetration on the 
efficacy of gemcitabine independently of the effect of the gradient in 
proliferation that occurs with depth into tissue. MCCs, 175 ju.m thick, 
were exposed to gemcitabine for 1 hour from one side over a range of 
concentrations and then incubated for 1 or 3 days to allow for 



manifestation of drug effect. Fig. 5 shows cryosections of MCCs 1 
and 3 days after gemcitabine exposure, which occurred from the upper 
side of the sections. Untreated MCCs exhibit a high level of prolif- 
eration on either side, with reduced proliferation toward the central 
area. One day after treatment of MCCs (Fig. 5A), the effect of 
gemcitabine on proliferation is confined to the exposed sides of the 
cultures at the low concentrations, and only at >30 /j,mol/L is its 
effect seen throughout the tissue. MCCs incubated for 3 days follow- 
ing 1-hour gemcitabine exposures are shown in Fig. 55. In this case, 
the untreated MCC was removed only 1 day after drug exposure for 
comparison with the data in Fig. 5A. Three days after treatment of 
MCCs (Fig. SB), the gradient of effect is consistent with the results 
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seen 1 day after treatment; however, the regions that initially showed 
complete cessation of proliferation now exhibit a scattered return of 
S-phase cells. For unknown reasons, cells on the top and bottom 
layers of the MCCs showed proliferation 1 day after exposure; how- 
ever, 3 days after exposure this effect was not observed. 

DISCUSSION 

Assessment of drug penetration into tissue is hindered by the inability 
to directly visualize drugs in tissue. In this study we have used BrdUrd 
incorporation as a marker for cell proliferation and therefore a surrogate 
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Fig. 5. Effect of gemcitabinc in MCCs 1 and 3 days alter a 1-hour exposure to the top 
side of the cultures. Panels show BrdUrd label in a./ * i . I . 1) and 3 days (B) after 
exposure to 0, 3, 10, 30, and 90 jumol/L gemcitabine for 1 hour; bar, 150 u.m. 



for the effect of antiproliferative drugs on tissue. By quantitatively ana- 
lyzing the location of affected cells relative to the position of the nearest 
blood vessel, we can evaluate the extent of drug effect. 

Tumors from mice treated with 240 mg/kg gemcitabine, near the 
weekly maximum tolerated dose in mice (20), show a dramatic cessation 
of proliferation throughout the tumor, but during subsequent days cell 
proliferation resumed initially in areas distal to vasculature. If cells within 
the tumor were equally affected by gemcitabine, one would expect 
resumption in proliferation to occur first in cells close to blood vessels 
rich in nutrients and oxygen. However, we found the opposite occurs, 
suggesting all of the cells are exposed to gemcitabine, but its effects are 
greatest on cells proximal to blood vessels. We hypothesize that a 
gradient of drug concentration could result in cells proximal to the 
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vasculature being affected more than cells residing distally. This is 
consistent with observations in vitro showing cells exposed to gemcitab- 
ine for 1 hour at concentrations of £100 nmol/L cause a G, block, the 
length of which is dose specific (15), and multilayered cell culture 
experiments suggesting at concentrations <30 /xmol/L there is a gradient 
in effect related to drug exposure. The radial geometry of a tumor creates 
a greater barrier to penetration than the planar diffusion through MCCs. 

Interestingly, cells located on the border of necrosis, which appear 
quiescent in untreated tumors, began to proliferate after gemcitabine 
treatment. These quiescent cells may not be affected by gemcitabine 
because of inadequate exposure to drug, their noncycling status, or 
insensitivity caused by down-regulation of NTs on the cell membrane. 
One hypothesis for the return to cycle of the quiescent cells is that an 
increased oxygen supply, resulting from the effects of gemcitabine on 
cells closer to blood vessels, may have allowed these cells to start 
proliferating. To test this, we examined the pattern of hypoxia in tumors 
by administering pimonidazole. No change in hypoxia was observed, 
discounting the possibility that cells return to division because of reoxy- 
genation. Furthermore, because hypoxia is mainly seen bordering necro- 
sis in treated and untreated tumors and because vascular perfusion was 
not changed, the effects of gemcitabine were not mediated by changes in 
vessel perfusion. 

Although the quiescent cells may be intrinsically less sensitive to 
gemcitabine and therefore able to divide after drug exposure, they con- 
stitute only the last two or three layers of cells. Control levels of prolif- 
eration are reached at 75 to 150 pim from vessels 4 to 6 days after 
gemcitabine administration, indicating most cells at these distances, de- 
spite being sensitive at the time of exposure, were able to resume cycling. 
When multiple doses of gemcitabine were administered, cells were di- 
viding far from vasculature on day 9, before the last dose, showing these 
distal cells were cycling and likely sensitive to gemcitabine when the 
final dose was administered; however, cells still return to cycle 2 days 
after the last dose. 

Our studies using a range of doses from 20 to 360 mg/kg of gemcit- 
abine to test the concentration dependence on proliferation show a dose- 
independent virtually complete cessation of tumor cell proliferation 24 
hours after gemcitabine administration. This is not unexpected because 
the toxicity of gemcitabine, unlike other pyrimidine analogs, is not 
confined to cells in S phase at the time of drug administration because of 
the long intracellular retention time (12, 15, 21). The kinetics of the 
proliferation resumption have not been explored at each dose, but flow 
cytometry experiments, using BrdUrd to detect S-phase cells, indicate 
DNA synthesis begins to recover in SA-NH tumors administered 10 
mg/kg gemcitabine after 12 hours, whereas it takes 24 to 36 hours for 
DNA synthesis to recover after 400 mg/kg of gemcitabine (14). There- 
fore, beyond 24 hours, the resumption of proliferation throughout the 
HCT-1 16 tumor could be faster for low doses of drug and take days for 
higher doses as is seen with 240 mg/kg of gemcitabine. 

The current clinical protocol for gemcitabine administration com- 
monly indicates a 30-minute intravenous infusion of 33 to 40 mg/kg 
(1000 to 1200 mg/m 2 ) on days 1, 8, and 15 for every 28 days (20, 21). 
The peak plasma concentration for humans administered this protocol is 
1 5 to 20 /xmol/L, and for mice administered a single dose of 240 mg/kg, 
it is > 1 00 /xmol/L with a plasma half-life of 15 minutes (20, 21). MCCs 
show a concentration-dependent wave of proliferation inhibition 1 day 
after a 1-hour drug exposure for which 2:30 /nmol/L gemcitabine is 
required to halt division through 150 jxm of tissue. Three days later, these 
cells return to cycle throughout the MCCs, indicating that even a 90- 
/xmol/L exposure for 1 hour does not prevent the cells from returning to 
division. vivo cells near the vasculature may be exposed to concen- 
trations > 1 00 /xmol/L and not return to cycle until >6 days later, or 
undergo apoptosis. However, the cells far from vasculature may receive 
lower concentrations of drug, which allows them to return to cycling 2 or 



3 days later. In the MCC experiments, the discrete wave of proliferation 
inhibition observed is likely to be the result of the defined steady-state 
exposure and the planar geometry of the culture. Tumor distribution is the 
result of a more complex drug-exposure profile dictated by the in vivo 
pharmacokinetics and a more complex three-dimensional geometry. 

Mice administered multiple doses of gemcitabine 3 days apart show 
cells cycling far from vasculature 2 or 3 days after the final dose, similar 
to that seen after a single dose. Therefore, multiple doses do not appear 
to enhance drug delivery because the resumption of proliferation follows 
similar kinetics as a single dose of gemcitabine. A study by Cividalli et ai. 
(22) shows the tumor growth delay in CH3/TIF mammary adenocarci- 
nomas is 18 days when gemcitabine is administered on days 1, 4, 7, and 
10 and was reduced to 12.2 days if 5 days were left between doses, 
suggesting multiple doses given too far apart will allow cells to begin 
proliferating before another dose is given and therefore lead to a smaller 
tumor growth delay. 

In conclusion, gemcitabine administration results in a complete cessa- 
tion of proliferation in all of the cells throughout the tumor; however, 
overtime cells distal from vasculature resume cycling, and eventually the 
tumor approaches control levels of proliferation. This suggests a differ- 
ential effect of drug on cells as a function of their location to the tumor 
vasculature. 
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